The full three-dimensional potential energy surface of H on Pd͑111͒ has been calculated with periodic band-structure computations using the generalized gradient approximation of density-functional theory. The fcc hollow site was found to be most stable, followed by the hcp hollow site. Excellent agreement with experimental values of the adsorption energy and the vibrational frequencies was achieved. Subsurface occupation at low coverages and low temperatures is ruled out by our results, but there are no or very low barriers for hydrogen reaching the subsurface region from the molecular gas phase, thus direct absorption is feasible at high coverages. Different ordered structures of the adsorbed hydrogen were considered, and we found that two structures with ͱ3ϫͱ3R30°symmetry are most stable at low temperatures, in agreement with experiment.
I. INTRODUCTION
Palladium was the first element observed to form a metal hydride, and the palladium-hydrogen system has been thoroughly studied because of its suitability as a hydrogen storage model system. [1] [2] [3] [4] In addition, the interaction of H with Pd surfaces has drawn much attention in connection with hydrogenation catalysis, electrolysis, and hydrogen purification, so there is now a large collection of experimental data and theoretical studies covering the system. 2, 4, 5 Hydrogen interacting with low index surfaces of palladium shows a variety of different interesting physical effects, making the system interesting also from a purely academic point of view. There are still some remaining experimental and theoretical ambiguities in the palladium-hydrogen system, and this paper addresses problems concerning subsurface occupation, site preference, and ordered structures of hydrogen at the Pd͑111͒ surface.
It was experimentally established by Conrad et al. and Engel and Kuipers that hydrogen easily dissolves into bulk regions of palladium through the densely packed 111 surface. 6, 7 Other experiments by Eberhardt et al. indicated the existence of a subsurface site that was irreversibly populated when heating the crystal up to room temperature. 8, 9 In contrast to this, Gdowski and co-workers found that even at low temperatures, regions below the subsurface layer are available for absorption, 10, 11 and another experimental study concluded that subsurface sites probably are energetically more favorable than the surface sites. 12 Felter, Sowa, and Hove quantified this by means of low-energy-electrondiffraction ͑LEED͒ measurements and dynamical LEED techniques, and showed that a subsurface to surface occupation fraction of 0-60 % at a temperature of 100 K is consistent with their experiment. 13 The adsorbed layer of hydrogen on Pd͑111͒ was experimentally examined by means of LEED already by Christmann, Ertl, and Schober, who found that a 1ϫ1 structure is formed at room temperature. 14 The combined experimental and theoretical work by Eberhardt, Louie, and Plummer concluded that this structure is formed by hydrogen populating threefold surface sites. 9 Felter et al. 15 then discovered that at low temperatures two ordered structures with ͱ3
ϫͱ3R30°symmetry are found at coverages ⌰ϭ 1 3 and ⌰ ϭ 2 3 . Occupation of the fcc hollow and octahedral subsurface ͑OSS͒ sites was shown in a LEED study to be most probable, but hcp hollow site occupation could not be completely ruled out. 13 ͑For an explanation and visualization of the different sites, see Fig. 1 .͒ Hsu et al. 16 used He scattering, and found C 3v symmetry at coverage 1, indicative of one distinct adsorption site. This changed to C 6v symmetry when lowering the coverage to 1 2 , and the authors explained this by quantum delocalization at the unit cell level.
Theoretical investigations into the H ϩ Pd͑111͒ system started with semiempirical models. Both the self-consistent pseudopotential mixed-basis calculation of Eberhardt et al. 9 and the embedded atom method ͑EAM͒ of Daw and Baskes 17 found a very small energetical difference between the two different hollow sites on the surface. Within the EAM the subsurface sites are energetically just as favorable as the hollow sites on the surface, and the observed ͱ3 ϫͱ3R30°symmetry was in this formalism explained by occupation of subsurface sites. 15, 18 This was qualitatively different in the tight-binding model approach by Ezzehar et al. 19 They found that the fcc adsorption site is most stable, followed by the OSS site and the hcp site. With increasing machine power and novel computational methods, it has recently become possible to calculate the adsorption energies by using theoretically more advanced methods. Löber and Hennig used the full-potential linear muffin-tin orbital method, and found that the hcp site was most stable, followed by the fcc and OSS sites. 20 By employing ultrasoft pseudopotentials and the local density approximation, Dong et al. found that the fcc site is more stable than the hcp site by 60 meV. 21 Paul and Sautet worked within the generalized gradient approximation of density-functional theory, and found that the hcp site was 170 meV less stable than the fcc site and also 60 meV less stable than the bridge site. 22 Interaction between hydrogen atoms on the Pd͑111͒ surface has been treated theoretically in a number of studies. As already mentioned, Daw et al. successfully reproduced the observed ͱ3ϫͱ3R30°ordered structures at low temperatures. In addition to the near degeneracy of the adsorption/ absorption sites, the EAM showed no difference between second-and third-nearest-neighbor interaction-it was the postulation of occupation of subsurface sites that led to the correct ordered structure prediction. The embedded cluster calculations of Muscat predicted a 2ϫ2 symmetry of the ordered structure, in conflict with experiments. 23 Ezzehar et al. used the recursion method in the tight-binding model, and considered occupation of fcc hollow and subsurface octahedral sites. 24 They found that the pair interaction between nearest-neighbor fcc sites was attractive, while that between second-nearest-neighbor fcc sites was repulsive. An ordered structure with such properties would exhibit 1ϫ1 symmetry. This paper deals with the detailed structure of the potential energy surface ͑PES͒ of atomic hydrogen at the Pd͑111͒ surface. In Sec. II we present the method used in our calculations. The resulting PES is presented in Sec. III; here we find the preferred adsorption site, calculate the vibrational frequencies, and compare our results with experiments and other theoretical studies. We also study the influence of coverage and lattice relaxations on the adsorption energies. Section IV deals with the interaction between hydrogen atoms at the Pd͑111͒ surface. We first find the energetically preferred ordered structure of chemisorbed hydrogen, and finally we study the effective interaction between hydrogen atoms using a ͱ3ϫͱ3R30°unit cell. Section V concludes.
II. CALCULATIONAL METHOD
We have used the ADF-BAND program 25, 26 to perform total energy calculations of hydrogen adsorbed/absorbed at a three-layer semi-infinite Pd slab with periodicity in two spatial dimensions. Results for both the local density approximation ͑LDA͒ and the generalized gradient approximation ͑GGA͒ of density-functional theory ͑DFT͒ with scalar relativistic effects included through the zeroth-order regular approximation ͑ZORA͒ equation can be obtained with this program. We refer to a previous paper for details concerning the program and choice of basis set. 27 We showed there that the GGA gave very good results compared to known experimental quantities. The LDA gave both quantitatively and qualitatively different results than seen in experiments, so we use the GGA throughout this paper. We also discussed the number of layers used in the calculations in the previous paper, and found that it is sufficient to use three layers in order to get acceptable results.
We use three different surface unit cells in our calculations: 1ϫ1, ͱ3ϫͱ3R30°, and 2ϫ2; all shown in Fig. 1 .
In order to compare adsorption energies from calculations using different unit cells, it is crucial that our results are properly converged, and we have performed extensive tests to ensure this. have been performed on a slab with hydrogen placed in the top-layer plane at the transition state between the fcc and OSS sites, which is quite similar to the geometry with largest errors in Ref. 27 . The fcc site has been used to check the convergence of the calculations using the ͱ3ϫͱ3R30°and 2ϫ2 surface unit cells. The ACCINT parameter is a general integration parameter that governs a large number of other parameters related to the real space integration. 25, 26 It is scaled so that the integration accuracy is of the order of 10
ϪACCINT
. The KSPACE parameter governs the number of integration points in the surface Brillouin zone. A small surface unit cell gives a large surface Brillouin zone and vice versa, thus smaller surface unit cells need a larger number of points in the k-space integration to obtain the same precision. KSPACE 5 and 7 correspond to at least 15 and 28 integration points in the irreducible wedge of the surface Brillouin zone, respectively. ͑The number of integration points is dependent on the symmetry of the input geometry.͒ More integration points mean larger k-space integration accuracy, but also more demanding calculations. The error connected with using a basis set that is smaller than the one giving results close to the basis set limit 27 is also given. The total estimated error in the electronic structure calculations is listed in Table I , and we see that in all cases it is below 50 meV.
The optimized lattice constant was previously found to be 3.95 Å at the GGA level, 27 but in order to compare more easily with experiments and other theoretical treatments, we have used the experimental value 28 of 3.89 Å in our calculations on a rigid lattice.
III. THE PES OF H ON Pd"111…

A. The rigid lattice
The calculations have been performed using three different unit cells on the Pd͑111͒ surface: the 1ϫ1, ͱ3 ϫͱ3R30°, and 2ϫ2 unit cells. The surface unit cells and some high symmetry sites are shown in Fig. 1 . Since the cost of the calculations strongly depends on the size of the unit cell, we have first calculated the full three-dimensional PES using the 1ϫ1 unit cell, corresponding to coverage ⌰ϭ1. A range of values of the height above the surface z has been calculated for 16 symmetrically unique sites on the surface, corresponding to 54 sites in the 1ϫ1 unit cell. ͑The symmetrically unique sites lie within the triangle shown in Fig.  1 -it spans 1 6 of the area of the 1ϫ1 cell.͒ The adsorption/ absorption energy of more than 100 different geometries was calculated through
where E form is the formation energy of the hydrogen covered and bare slabs. The binding energy of the hydrogen molecule (E bind ) was previously calculated to be Ϫ4.80 eV at the GGA level. 27 For brevity, we shall simply refer to E a as the ''adsorption energy.'' Thus, negative adsorption energies correspond to the adsorbed hydrogen atom being energetically stable with respect to the free hydrogen molecule.
In Fig. 2 the z dependence of the adsorption energy of the four most important sites in the 1ϫ1 surface unit cell is plotted. The adsorption energies at the equilibrium height z eq are listed in Table II , and Fig. 3 shows a two-dimensional cut through the full three-dimensional PES for all sites above the surface with the z coordinate restricted to zϭz eq . We immediately see that the adsorption energies at the equilibrium heights for the fcc and hcp sites are of the same size, both clearly below the adsorption energy at the equilibrium height for the bridge site. The equilibrium height above the surface is 0.87 and 0.95 Å for the fcc and hcp sites, respectively. This is consistent with the experiment of Felter, Sowa, and Van Hove 13 who found z eq ϭ0.80Ϯ0.10 Å with their LEED studies. The fcc site is about 50 meV more stable than the hcp site. The bridge site, midway between the two hollow sites, is approximately 170 meV above the fcc site-this is the barrier to surface diffusion for a rigid lattice. The barrier to subsurface penetration is high and approximately the same for the two sites, about 0.85 eV above the bottom of the surface wells. Considering the experimental findings that hydrogen dissolves through the surface even at low temperatures, 12 we anticipate that surface motion must be important to lower this barrier. We come back to this in Sec. III B. We further see that both the subsurface sites are much higher in energy than the other sites; none of them are stable compared to free molecular hydrogen. We shall see that this is also changed when taking lattice motion into account.
The equilibrium distance between the hydrogen atom and its closest metal atoms varies with the coordination. For a hydrogen atom at the top site, with coordination 1, the equilibrium distance is 1.54 Å. For the bridge site, with coordination 2, the equilibrium distance is 1.73 Å, and for the hcp and fcc sites, both with coordination 3, the equilibrium distances are 1.85 and 1.81 Å, respectively. The TSS site has its equilibrium position close to the geometrical one, and the Pd-H distance here is 1.68 Å. From Fig. 2 we see that the adsorption energy curve is quite flat around the OSS site. The minimum absorption energy is obtained with z ϭϪ0.90 Å, corresponding to a distance of 1.82 Å between the H atom and the three closest Pd atoms in the top layer.
FIG. 2. The adsorption energy (E a ) of some high-symmetry sites as a function of the height above the surface (z) calculated using the 1ϫ1 surface unit cell. The curve marked ''fcc'' shows the adsorption energy above, at, and below the fcc site, thus also giving the results for the octahedral subsurface ͑OSS͒ site and a tetrahedral ''bulk'' site. The curve marked ''hcp'' correspondingly gives results for both the hcp and TSS sites. The energy levels corresponding to a hydrogen atom and one of the hydrogen atoms in a hydrogen molecule removed infinitely far from the surface are also marked with lines.
͑The geometrical OSS site is at zϭϪ1.12 Å.) There is also a local minimum at zϭϪ1. 19 ; then the distance is 1.98 Å to the three closest Pd atoms in the second layer.
The vibrational frequencies were next calculated through simple harmonic fits for the three spatial degrees of freedom of the hydrogen atom, and the results are listed in Table III . At first sight, our results seem to be in quite good agreement with experiment, within 8% of the experimental values if we consider our best numbers. We believe, however, that this is partially fortuitous, since our harmonic fits might be a rather crude approximation. Rick and Doll have shown that anharmonic effects could be important and that the vibrationally excited wave function is nonlocalized-their more thorough calculations using the full periodic Hamiltonian gave lower frequencies than their harmonic approximation. 34 Nevertheless, they used the EAM in which the fcc and hcp sites are almost energetically degenerate; this probably makes delocalization more viable. An interesting future study would be to perform similar calculations on a more elaborated PES that does not show the near degeneracy of the hollow sites.
In Fig. 4 we show a comparison of the adsorption energy for coverages 1 and 1 3 for 12 adsorption sites with zϭz eq along a line connecting two top sites. The adsorption energies of the ⌰ϭ 1 3 coverage are lowered by 120 and 180 meV compared to the saturated surface, but there are also small qualitative differences. While the top site is the least stable adsorption site for ⌰ϭ1, it has become a local minimum for ⌰ϭ 1 3 , 10 meV lower than the neighboring site. Since our calculations only are converged to within 47 meV, we should be careful not to put too much emphasis on this result, but a local minimum was also found by Dong et al. 21 on a surface with ⌰ϭ 1 4 . This suggests that DFT indeed shows a local minimum in the adsorption energy for the top site at low coverages. We have also calculated the adsorption energy for Conrad, Ertl, and Latta ͑Ref. 6͒. The coverage was not measured directly, but through the change in the work function.
FIG. 3.
A contour plot of the adsorption energy based on calculations using the 1ϫ1 surface unit cell. The z coordinate is constrained to be the equilibrium height above the surface, z eq . The contour spacing is 40 meV. The 1ϫ1 surface unit cell is outlined; its corners are placed on top sites. Comparing our results in Table II to Paul and Sautet, 22 we find rather large discrepancies, taking into account that we have used the same program. This is most probably due to a bug in the Madelung summation that existed in an older version of the program; 35, 36 we have found quantitatively and qualitatively different results than they even when using the same basis set and integration parameters.
In Ref. 21 the LDA results showed the usual strong overbinding, and the authors found that this was primarily due to the calculated error in binding energy of the H 2 molecule. We have hence used their modified values in Table II , and in this way our results show reasonable agreement. But there are still some discrepancies: all our sites are less stable than theirs, except the top site, which is more stable by 140 and 100 meV (⌰ϭ1 and , which now are both about 170 meV less stable in our LDA calculations than in theirs. The discrepancy is still quite large, but this can be caused by the fact that we have used different calculational schemes, a different number of layers, or that their results are given for a fully geometry optimized lattice whereas our results are for a rigid lattice. Two later studies by Dong and co-workers 29, 30 presented GGA calculations of the same system with a coverage ⌰ϭ 2 3 . This is not directly comparable to our results in Table II , but we can see that the trend is still that they get more stable threefold hollow sites and a less stable top site than we do. But in all cases, our results agree on the relative stability of the sites.
The results of Löber and Hennig 20 show a slightly different picture than ours; they also find two threefold adsorption sites with approximately the same adsorption energy and the bridge site clearly above the hollow sites, but their results suggest that the hcp site is most stable. Nevertheless, they state in the paper that ''almost no differences between the adsorption energies of the two threefold positions can be detected.'' 20 They found that the OSS site is much more stable than our static results, but they have performed relaxation of the lattice. We shall see in the next section that this is important for the subsurface site.
B. Relaxations
A number of previous calculations have shown that surface motion play an important role in the energetics of hydrogen on surfaces ͑see, for example, Refs. 18,20 and 21͒. Since the ADF-BAND program in its current implementation is not capable of calculating forces, all relaxations must be done by hand. This makes full relaxation of all the sites unattainable, and we have to limit the number of geometries to study. We have chosen two different kinds of surface rearrangements: top-layer relaxation for the fcc and OSS sites ͑to see the effect of relaxations on the adsorption energy on the most stable surface and subsurface sites͒ and in-plane relaxation for the transition state between the fcc and OSS sites and at the bridge site ͑to see the effect on the barrier between the surface and subsurface sites and between two surface sites͒. The results of the calculations are shown in Table IV .
We first consider top-layer relaxation of the surface with hydrogen chemisorbed at the fcc site. To find the energy minimum, we have to compare the lattice with the GGA optimized lattice constant, aϭ3.95 Å. With this lattice con- 3 . The z coordinate is constrained to be the equilibrium distance from the surface, z eq . TABLE IV. The effect of relaxation on the adsorption/ absorption energies (E a ) for some chosen sites on the surface. Two different types of relaxations are studied: top layer relaxation of the saturated Pd surface (⌰ϭ1) and in-plane relaxation using the ͱ3 ϫͱ3R30°unit cell (⌰ϭ 1 3 ). The adsorption energies of both the rigid ͑rig.͒ lattice and the relaxed ͑rel.͒ lattice are listed. We have considered four different sites: the fcc hollow, the octahedral subsurface ͑OSS͒, the transition state between the fcc and OSS sites ͑tst-directly below fcc with zϭϪ0.1), and the bridge ͑brg͒ sites. For the top layer relaxation the outwards relaxation is given both in Å and in % of the bulk interlayer distance, and for the in-plane relaxation only the amplitude of the relaxation coordinate has been given. stant, the adsorption energy at the fcc site changes from Ϫ0.39 to Ϫ0.43 eV for ⌰ϭ1. This energy is further decreased by 11 meV when the top layer has an outwards relaxation of 0.074 Å, which is 3.2% of the interlayer separation. We have in our calculations kept the hydrogenpalladium distance constant and varied the distance between the two topmost layers. Löber and Hennig found that the top layer relaxation was 3.5% and 1.0% for the hcp and fcc site, respectively.
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When considering the octahedral subsurface site, the picture is a little bit more complicated. First, the absorption energy of the OSS site is dependent on the lattice constant. If we use the GGA optimized lattice constant for bulk Pd (a ϭ3.95 Å), the absorption energy changes from 0.17 to 0.00 eV. In Ref. 27 we found that the optimized lattice constant for palladium hydride is 4.14 Å; the absorption energy of the OSS site with this lattice constant is 0.03. In the calculation of this absorption energy we have used the value of E form (Pd) with aϭ3.95 Å, since a pure Pd lattice with a ϭ4.14 Å is unphysical. With all three lattice constants we found that the preferred distance between the hydrogen atom and the nearest palladium atoms is about 1.8 Å ͑thus, as already mentioned above, the hydrogen atom is shifted away from the geometrical OSS site͒. When studying top-layer relaxation for the OSS site we have therefore kept this distance constant and used the GGA optimized lattice constant aϭ3.95. The minimum energy was found for an outward relaxation of 0.25 Å, which is 11% of the interlayer separation; the absorption energy is then Ϫ0.13 eV. Löber and Hennig found an outwards relaxation of 6.2%. 20 Even though we have found quite large changes in the absorption energy due to lattice relaxations, we have not been able to show that the octahedral subsurface site is as stable as ͓as predicted by the EAM ͑Refs. 15 and 18͔͒ or more stable than ͑as suggested by Eberhardt, Greuter, and Plummer 8 ͒ the fcc hollow site on the surface. It is possible that other kinds of rearrangment of the lattice than considered here could lead to a more stable subsurface site, and that our choice of working with only three layers affects the results. But Löber and Hennig found with the lattice relaxed that the OSS site was at least 90 meV less stable than the fcc site. 20 We believe that this supports our results implying that subsurface sites are not populated at low temperatures and low coverage. Zero subsurface occupation is consistent with the LEED studies of Felter, Sowa, and Hove. 13 And, as we will see in Sec. IV A, our results indicate that the ͱ3ϫͱ3R30°phases found by
Felter et al. 15 can occur without subsurface occupation because of the energy difference between the fcc and hcp sites.
With increasing coverage and temperature, the subsurface sites are going to be accessible by means of further relaxations and thermal motion. But how can our results be consistent with the findings of Gdowski, Stulen, and Felter, 11 which showed that hydrogen can penetrate into the lattice at 115 K? To answer this question, we have studied how the activation energy to subsurface penetration is affected by the lattice motion.
We have performed in-plane relaxation of the surface atoms with the hydrogen atom at the transition state from fcc to OSS, which is situated directly below the fcc site with z ϭϪ0.1 ͑see Fig. 2͒ . The relaxation is chosen to be a symmetric stretch of the three closest palladium atoms in the surface plane. We need at least three surface atoms in the unit cell to perform this stretch, and have used the ͱ3 ϫͱ3R30°unit cell in our calculations. This relaxation is reminiscent of the stretch involving four surface atoms in our previous study 37 considering the effect of surface motion on the direct subsurface absorption of H 2 . The result of the stretching is presented in Table IV : when the three surface atoms each have moved 0.095 Å, the adsorption energy at the transition state has changed to its minimum value of Ϫ0.04 eV, down from 0.25 eV. This means that the region below the surface can be reached at low temperatures without any other barrier than the barrier to dissociative adsorption, which is either very low or nonexistent. 29, 30, 37 This helps to explain how hydrogen can be found below the surface at 115 K. Gdowski et al. 11 found that when the surface is saturated with H, further deposition of hydrogen leads to direct absorption of H without equilibration in the chemisorption well. We have shown that the effective barrier to such absorption is low enough to allow for direct absorption at low temperatures. Our simple surface model is not capable of describing how hydrogen goes further into the metal and how the hydride phase is created, but the low barrier to direct subsurface penetration makes our results compatible with Ref. 11 .
We have also studied in-plane relaxation of the bridge transition state, but as shown in Table IV , no relaxation could be found. We considered a symmetric stretch of the two closest metal atoms, and we first tried to keep the hydrogen-metal distance constant and then the height of the hydrogen atom above the surface constant. Dong et al. did not find any relaxation of the bridge site either. 21 This means that the barrier to surface diffusion should be about 170 meV ͑not including zero-point energy effects͒ at the relaxed surface as well.
We have not considered any other relaxations, although there are surely more to find. For example, Dong et al. found that hydrogen placed at sites between the hollow sites and the top site provoked a relaxation of the top-layer parallel to the surface. 21 Taking this into account would lower some of the sites near the hollow sites, and thus lower the frequency of the parallel vibrations. Apart from this, we believe that we have found the most important effects of surface rearrangements on the energetics of our simple system, namely the changes in adsorption energies of the most stable surface and subsurface sites and the changes in diffusion barriers on the surface and down to the subsurface site.
IV. HYDROGEN-HYDROGEN INTERACTIONS
A. Different coverages
In the preceding section we saw that the adsorption energy depends on the coverage. The experimental findings of Conrad, Ertl, and Latta did not show such a dependency; they found that the adsorption energy was Ϫ0.456 Ϯ0.022 eV per hydrogen atom in the whole region covered by the experiment. 6 The molecular-beam experiment of Engel and Kuipers did, however, find some evidence that the adsorption energy varied, and found by using a simple model that E a varied from Ϫ0.47 eV at low coverages to Ϫ0.39 eV at high coverages. 7 The latter experiment was performed at temperatures of 250 K and above, while our calculations are at zero temperature. We do not know of any experiment measuring the adsorption energy for H on Pd at lower temperatures, where the ordered ͱ3ϫͱ3R30°struc-tures appear.
Since we are only able to calculate the adsorption energy using periodic structures, we do not get out the effective two-particle interactions of the hydrogen atoms without the use of unattainably large surface unit cells. We are, however, able to directly compare the stability of different ordered structures, and through this make comparisons of some different multiparticle interactions. Figure 5 shows the nearest neighbors of an atom placed at an fcc site. To be able to describe different kinds of ordered structures, we take into account both the fcc and hcp sites; thus the second, fifth, and sixth nearest neighbors correspond to the nearest, next nearest, and third nearest fcc sites, respectively.
We have calculated the adsorption energy of some different ordered structures, and plotted it as a function of coverage in Fig. 6 . The adsorption energy for coverage 1 has been calculated using all three unit cells, and we see that it varies with less than 20 meV; this shows that it is meaningful to compare results using the different unit cells. The smallest coverage that we have calculated is 1 4 , constructed by sixth nearest neighbors. The distance between the hydrogen atoms is then 5.5 Å, and we should expect the hydrogen interaction to be quite small at this distance. We see that two of the structures in Fig. 6 are more stable than this, namely the two ͱ3ϫͱ3R30°structures. Our calculations thus predict that those structures should be favored at low temperatures, in accordance with experiment. 15 Felter et al. obtained more or less the same results as we did with the EAM, but they found that the 1ϫ2 and both the ͱ3ϫͱ3R30°structures all were equally stable. 15, 18 Since they also found that four different sites were energetically nearly degenerate ͑fcc, hcp, OSS, and TSS͒, they had to postulate subsurface occupation and use equilibrium Monte Carlo simulations to recreate the experimentally observed ordered structures.
We want to discuss the pair-and many-particle interactions in more detail, and have listed results for some of the calculated structures in Table V . We take as our starting point the 2ϫ2-1H structure with ⌰ϭ 1 4 . For the sake of comparison, we define for now the interaction at this distance ͑5.5 Å͒ to be zero. We first note that of the four ordered structures composed of second nearest neighbors, the 1ϫ1 structure is the least stable. This structure has the largest number of neighbors, suggesting that the second-nearestneighbor interaction is repulsive. But we have already seen that the ͱ3ϫͱ3R30°-2H structure (⌰ϭ 2 3 ) is more stable than our low coverage limit, indicating that this structure consists of attractive interactions. Since this structure is also constructed of second nearest neighbors, it is thus not enough to know the two-particle interactions to predict stable periodic structures. Nevertheless, a comparison of the other ordered structures should at least reveal some clues about how the pair-and many-particle interactions are related. The 2ϫ2-2H structure (⌰ϭ 1 2 ) is built up of third nearest neighbors; thus every second occupied site must be a hcp site. We see that this structure is relatively unstable, but this is primarily due to the less stable hcp site. If we compensate for the hcp site being about 50 meV less stable than the fcc site, we find that the effective third-nearest-neighbor interaction is almost zero compared to our low coverage limit. Of all the ordered structures, the ͱ3ϫͱ3R30°-1H(⌰ϭ 24 we find quite large differences. They used the tight-binding method, and found that the fifth-nearestneighbor pair interaction was repulsive, while the secondnearest-neighbor interaction was found to be attractive by more than 100 meV. 24 This was independent of surface or subsurface occupation, and the same trend was observed when they considered trimer and tetramer interactions. Their results are thus consistent with a 1ϫ1 ordered structure. Our results show an attractive fifth-nearest-neighbor interaction and a repulsive second-nearest-neighbor interaction, with the ͱ3ϫͱ3R30°-2H structure as an exception of the latter-we have thus predicted both the experimentally observed ͱ3ϫͱ3R30°structures with our adsorption energy calculations.
B. Interactions on the ͱ3؋ͱ3R30°unit cell
We now turn to the detailed structure of the hydrogenhydrogen interaction on the ͱ3ϫͱ3R30°surface cell. We have calculated the adsorption energy for a number of configurations with ⌰ϭ 2 3 and one of the H atoms placed at the fcc site. By comparing configurations with and without a second H atom, we have found the interaction energy defined as
where E a (PdϩH I ϩH II ) is the adsorption energy for two hydrogen atoms (H I and H II ) adsorbed on the slab, and E a (PdϩH I /H II ) is the adsorption energy for one hydrogen atom (H I /H II ) absorbed on the slab. H I is always placed at the fcc site, and H II is placed at one of the sites shown in the inset figure of Fig. 7 . E int thus gives a measure of the effective interaction between two H atoms compared to the most stable structure, ͱ3ϫͱ3R30°-1H.
In Fig. 7 we have shown some of the resulting interaction energies. We see that the effective interaction is the largest along the ''a'' path, which is across the bridge and towards the hcp sites. When heading towards the top site ͑path ''c''͒, the interaction is the smallest. Studying the electron charge of the adsorbed hydrogen atom, which is lowest at the top site and highest at the fcc site, we see the following trends. All the sites along curve ''a'' have higher electron charges on the hydrogen atom than the sites along curve ''c,'' suggesting a larger electrostatic repulsion between the hydrogen atoms when considering sites along curve ''a.'' The electron charges on the hydrogen atoms on the sites along curve ''b'' lie between those for curve ''a'' and ''c,'' and as we see from Fig. 7 , the interaction energies along curve ''b'' also lie in the middle. We further see that placing H II at another fcc site gives the lowest interaction, about 160 meV. This agrees with the difference of 80 meV per atom between the two ͱ3ϫͱ3R30°structures that can be read out from Table V or Fig. 6 . Two other sites have almost just as low E int as the fcc site, but they have such high adsorption energies that they are improbable to populate. The interaction energy of the hcp site is almost 0.5 eV, thus ruling out first-neighbor occupation.
Since the fcc site is most stable, the best way of placing two atoms in the ͱ3ϫͱ3R30°unit cell is in two fcc sites.
We have also considered other possibilities, such as placing one of the atoms subsurface and the other in a fcc or hcp site, but since the subsurface sites are so much higher in energy, all these possibilities are much less stable than the configuration with two fcc sites. We conclude that our results clearly imply that two fcc sites should be occupied in the ͱ3 ϫͱ3R30°unit cell when the coverage is 2 3 . Subsurface occupation at low temperatures is ruled out at this coverage.
The details of the hydrogen interaction would be of importance in a dynamical study of hydrogen diffusion on the Pd͑111͒ surface, and we have work in progress on this subject.
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V. CONCLUSIONS
We have used periodic density-functional calculations within the generalized gradient approximation to investigate in detail the potential energy surface ͑PES͒ of hydrogen atoms at the Pd͑111͒ surface. We have constructed the full three-dimensional PES using a 1ϫ1 surface unit cell ͑cov-erage ⌰ϭ1), and in addition calculated the adsorption energies at the equilibrium geometries for some sites using the ͱ3ϫͱ3R30°and 2ϫ2 surface unit cells ͑coverages ⌰ ). We found that the fcc hollow site is preferred, with an adsorption energy varying with coverage from Ϫ0.54 to Ϫ0.39 eV. The hcp hollow site is between 40 and 70 meV less stable, and the bridge site between the hollow sites is from 140 to 170 meV above the fcc site. Outward relaxation of the palladium top layer lowered the adsorption energy at the fcc site by 11 meV. The subsurface sites were not found to be stable compared to free molecular hydrogen on the rigid surface, but relaxation of the surface lowered the adsorption energy of the octahedral subsurface site to Ϫ0.13 eV. The low stability of the octahedral subsurface site as compared to the fcc site rules out subsurface occupation at low temperatures and low coverages. But surface mo- FIG. 7 . The interaction energy E int ͓defined in Eq. ͑2͔͒ between a H atom placed at the fcc site and a second hydrogen atom placed in a ͱ3ϫͱ3R30°unit cell. The inset figure shows the geometries; the white disks are the H atoms at the fcc sites, whereas the points are the positions of the second atom. We have plotted points along three directions, marked by ''a,'' ''b,'' and ''c.'' All symmetrically unique sites lie within the region enclosed by the lines marked by ''a'' and ''c,'' and the dashed lines.
PRB 58tion makes the region below the surface available directly from the molecular gas phase without any other barriers than the possible barrier to dissociative adsorption-this means that direct absorption of hydrogen is possible at high coverages. Our harmonic fit to the PES gave a perpendicular vibrational with frequency 1054 cm Ϫ1 , and two parallel frequencies of 711 and 686 cm Ϫ1 , in good agreement with experiment. 32 To study the hydrogen-hydrogen interaction we calculated the adsorption energy of hydrogen atoms using different periodic structures, and found that two ordered structures with ͱ3ϫͱ3R30°symmetry are preferred at zero temperature, in accordance with experiment. 15 We also studied the interaction between hydrogen atoms using the ͱ3ϫͱ3R30°sur-face unit cell, and the results suggest that the effective hydrogen interaction energy is sensitive to the bonding coordination of the hydrogen; the higher coordination, the higher repulsion. We found that the ordered structures with ͱ3ϫͱ3R30°symmetry have all the hydrogen atoms located at fcc sites.
